INTRODUCTION
============

Brain diseases due to damages in the nervous system may lead to a number of sequelae such as dysphrasia or dyskinesia. These illnesses can be commonly found since they include depression, posttraumatic stress disorder, Parkinson\'s disease, and Alzheimer\'s disease. In the past, most treatments involved drugs or psychological counseling, but they were not effective in all patients. To solve this problem, the development of treatment methods using brain stimulation was attempted \[[@B1][@B2][@B3][@B4][@B5][@B6][@B7]\] and the corresponding studies advanced quite actively not only for the treatment itself but also for the brain stimulation to improve the brain functions \[[@B8][@B9]\].

Brain-stimulating methods can be categorized into two types: (1) non-invasive brain stimulation which stimulates the surface of the head such as transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS) and (2) the invasive type that stimulates the brain by connecting a device inside it, such as deep brain stimulation (DBS) or optogenetics \[[@B10][@B11]\]. Among them, DBS is a method in which a stimulating device is transplanted in the brain to stimulate neurons directly with an electric stimulus. This stimulates a local area in need of a stimulus and, at the same time, has the advantage of minimizing the stimulation to the areas surrounding the brain. DBS can control the stimulation while keeping the original brain structure undamaged. Therefore, various signals can be set according to the personal states of patients and the stimulation can be controlled by the current condition of each individual in real time. Using these features of DBS, many researchers have employed it in nerve-related disease treatments such as Parkinson\'s disease, dystonia, Tourette syndrome and studied the method with regard to learning capacity and strengthening memory \[[@B12][@B13][@B14][@B15]\].

Due to the wide use of stimuli, it must be possible to adjust the stimulating areas, proper electric signal types, and waveforms. The signal parameters for DBS include, among others, the pulse width, the frequency, and the amplitude. To simultaneously achieve the maximization of DBS efficiency and the minimization of adverse side effects, it is necessary to establish an environment in which stimulating variables can be set in both various and specific ways. If an excessive electric current is delivered to the brain, it may cause the destruction of neurons and side effects such as epilepsy. To prevent such risks, a number of researchers combined each parameter in various methods to conduct experiments with the aim of finding stimulating signals appropriate for their purposes \[[@B16][@B17]\].

If appropriate stimulating signals are set and the stimulus reflects the response from the neurons as a feedback, an even greater DBS effect may be produced. To do this, studies on DBS incorporating a closed-loop system have been frequently performed recently. Salam et al. \[[@B18]\] conducted an experiment that compared the differences in inhibiting seizures by the assignment of open-loop and closed-loop stimuli to the hippocampus of epilepsy model rats, proving that the closed-loop stimulus had a better effect. Rosin et al. \[[@B19]\] stimulated the globus pallidum of African green monkeys and reported that the closed-loop stimulus was more effective in improving Parkinson\'s disease.

To improve the performance of DBS, we developed a brain stimulator which has all four functions: (1) to select periodic or nonperiodic modes (2) to specify the obvious time stamps of pulses in non-periodic mode (3) to control up to four channels independently (4) to build the closed-loop environment. The device can produce various stimulating signals and control the electric stimulus according to the firing information of neurons in a real-time closed-loop environment. Such a system supports the function of non-periodic mode setting, which helps in finding appropriate stimulating signals by generating stimulating signals acquired by actual neural activities. Up to four channels can be set in periodic or non-periodic modes and the stimulating signal variables can be adjusted independently in this device. Since this developed stimulator can produce diverse types of stimuli, it can be used in various experiments.

MATERIALS AND METHODS
=====================

Description of the developed stimulator
---------------------------------------

### Stimulator functions

The brain stimulator generates stimulating signals through up to four channels and is capable to independently set the activation of each channel, periodic/non-periodic modes, and the signal type. The signal types, the pulse width, the period, and the number of repetitions can be designated within a given range. The stimulator can be conveniently controlled by a software control panel that interacts with the device. Although the periodic mode can simply adjust stimulating parameters, it has limited ranges of parameters due to a hardware restriction. The non-periodic mode solves the problem by directly entering pulse time stamps. Therefore, to select a proper mode helps produce stimulus signals in various ways.

There are two methods to start and stop the assignment of stimulating signals: The first one is a simple method to push a start/stop button to control; the second way is to set trigger conditions and then the stimulating signals are generated or terminated if any one of the user-defined conditions is satisfied. With regard to the trigger conditions, either the sensor installed in the experimental device or the neuron firing signals in the animal subjects\' brains can be used.

### Stimulator board

[Fig. 1](#F1){ref-type="fig"} describes a stimulator board (20 cm×15 cm). It receives the stimulating signal information sent by a software program in a USB part. By the data, the device generates the signals in a field programmable gate array (FPGA) and a clock generator. The board transfers the stimulating signals through digital-to-analog (DAC) converter and Byonet Neill-Concelman (BNC) connectors. Four DAC and BNC connectors are included and up to four channels can be used.

### Software control panel

[Fig. 2](#F2){ref-type="fig"} displays the main window screen of the stimulator\'s software control panel and [Fig. 3](#F3){ref-type="fig"} shows the magnified part that sets the stimulating signals in [Fig. 2](#F2){ref-type="fig"}. As in [Fig. 4](#F4){ref-type="fig"}, T1 is the pulse width, T2 the single pulse period, and T3 the width of one epoch. T4 indicates the time required from the start of one epoch to the transfer of the next, and "Repeat" refers to the number of repeats in the T4 interval. Amplitude is the size of the stimulating signal. [Table 1](#T1){ref-type="table"} exhibits the designated ranges of these six parameters. A number of stimulating signal types can be generated while adjusting the input values minutely by combining these parameters.

The periodic and non-periodic modes are set in the area of [Fig. 3](#F3){ref-type="fig"}. If the non-periodic mode is selected, the T2 and T3 entries will be terminated and, at the same time, the file-open button will be activated. If the text file that stores stimulus signals is loaded after this button is clicked, those instead of T2 and T3 will be reflected in the stimulation signals. In other words, the stimulator generates pulse signals with the width of T1 stored in the text file.

The stimulator can support two other functions in addition to the basic one for stimulus generation. However, to use these functions, an environment is required in which the network between the stimulator software program and experimental data acquisition system is connected. The stimulator provides the function to receive log messages such as neuron signals, sensors, and certain events from the data acquisition system. These messages can be monitored in real time and they are automatically saved in a text file. The other function serves to conduct the closed-loop experiment, which controls the stimulating signal assignment automatically if the log message and the trigger conditions are set in advance.

RESULTS
=======

Composition of experimental devices
-----------------------------------

[Fig. 5](#F5){ref-type="fig"} illustrates that the closed-loop experimental devices are composed of stimulation, neural recording, and analysis parts. After the establishment of a desired stimulating signal through the software control panel, this information is transferred to the stimulator board. The signals generated in the board are transferred to the isolator and pass a BNC connector which is the output part of the board. The isolator prevents a reverse current and serves as a setter of the current\'s magnitude. The signals that pass through the isolator are delivered to the brain through a hyperdrive which includes electrode interface boards (EIBs). At the same time, the digital data acquisition system receives the neuron information of the brain delivered through the hyperdrive. This information is saved in the computer by the software program which is compatible with the acquisition system. The system and the program do not only possess the functions to transfer and save the data, but also to control the experimental devices. The stimulator program receives the log message from the acquisition system program and delivers the electric stimulus according to the trigger condition. In this paper, we use firing information of a specific cell as the trigger condition of the closed-loop system. The data were extracted from neural information by the recording and control program. [Fig. 6](#F6){ref-type="fig"} is a photograph that shows the actual stimulation experimental environment and [Fig. 7](#F7){ref-type="fig"} depicts the output screen of the oscilloscope connected to the isolator\'s output part. The pulse with 1 msec. of width is generated at every second.

Experiment I
------------

To identify whether the signals generated in the stimulator are properly delivered, an experiment was performed in which the stimulus was directly administered to the brain of the rats. All protocols conformed to the Institutional Animal Care and Use Committee of the Seoul National University. Eight tetrodes were transplanted in the dorsal hippocampus and sixteen in the ventral hippocampus to record the signals of the neurons. The stimulated area was the basolateral amygdala (BLA) near the hippocampus. The hippocampus plays an important role in memory and learning, while the BLA is related to fear. The theta burst stimulation (TBS) was assigned for 1 sec at which the pulse width was 500 µsec., the pulse frequency 100 Hz, and the burst epoch frequency 10 Hz ([Fig. 8](#F8){ref-type="fig"}).

[Fig. 9](#F9){ref-type="fig"} describes whether the stimulating signals are properly transferred to neurons and whether the stimuli affect the neurons. The local field potential (LFP) is the electrical potential generated in the neurons near the tetrode. The gray interval in the LFP shows the interval at which the stimulus is entered. The potentials in the interval reflect the stimulating signals.

In addition, the cross-power spectrum between two tetrodes was examined with regard to changes in the relationship between the neurons of the ventral hippocampus and the ones in the dorsal hippocampus caused by the stimulus. When the signals *x* (t) and *y* (t) are given, the cross-correlation function of the two signals *x* (t) and *y* (t) is

$$R_{xy}\left( \tau \right) = E\left\{ {x\left\{ {t + \tau} \right\} y\left\{ t \right\}} \right\}$$

where *E* (·) is the expression of the expected value and τ the time lag, which was set to 0 in this study. The cross-power spectral density (CPSD) can be obtained through the Fourier conversion of the above formula.

$$S_{XY}\left( f \right) = \int_{-\infty}^{\infty}{R_{xy}\left( \tau \right)}e^{- j2\text{π}f\text{τ}}d\tau$$

where ƒ is the frequency.

To understand the CPSD, it was calculated after dividing the frequency domain of LFP into the theta band (4\~12 Hz) and the gamma band (30-Hz). It is known that the theta rhythm is related with memory including spatial memory information \[[@B20][@B21]\], and the gamma rhythm with recall or working memory \[[@B22][@B23]\]. In each figure below [Fig. 9](#F9){ref-type="fig"} (A) and (B), the value of the cross spectrum increased after receiving stimulation, indicating that the electric stimulus had a slight effect on the neurons.

Experiment II
-------------

The second experiment was conducted in a T-maze ([Fig. 10](#F10){ref-type="fig"}) to observe what effect the stimulus had on the behavior of rats or the neurons\' activities. As the door of the start box opened, the animals saw the image on the monitor and then found the tray which contained food. The trials with and without the electric stimulus proceeded randomly at the probability of 50%. In the trial with the stimulus, the rats were stimulated while they passed a linear course after the start box opened. On the first day of the experiment, we used sensors attached to the T-maze as the trigger conditions for the start and end time of the stimulation. On the second day, the firing information in a certain cell of the rat brain was used instead of the sensors to perform the experiment in the closed-loop environment. The information played a role on a trigger to control start/stop signs in a real-time. The stimulator took the neural information and delivered electric stimulus. The answer selection was either the left or the right according to the image and if the rats found the answer, they could eat cereals in the food tray as a reward. The details of the experiment protocol can be found in \[[@B24]\]. For stimulating and recording, a 24-tetrode hyperdrive was implanted in area CA1 of the hippocampus.

This experiment was conducted for two days. On the first day, the theta rhythm\'s stimulus with the single pulse frequency of 7 Hz and the single pulse width of 1 msec. was administered with three volts, as in (A) of [Fig. 11](#F11){ref-type="fig"}. On the second day, the single pulse frequency was 100 Hz, the pulse width 1 msec., and the burst epoch frequency 10 Hz, as in (B) of [Fig. 11](#F11){ref-type="fig"}. The voltage was 2.3 volts and it was designed not to exceed a maximum of 2 sec. when entered. Although the signals shown in [Fig. 11](#F11){ref-type="fig"} (A) are periodic, they cannot be set to the periodic mode due to a limit condition of the input parameter ranges. To solve this problem, we set the non-periodic mode and used the text file with the time points of the pulses. In other words, the software panel could overcome the hardware limit of the periodic mode by using the non-periodic mode instead.

[Fig. 12](#F12){ref-type="fig"} shows the correct rates of the trials with (black bar) and without the stimulus (white bar). A single session consisted of about 40 trials. Three sessions were conducted on the first day and four sessions on the second day. As the experiment proceeded, it was found that the correct rate significantly declined in the trial with the stimulus compared to the trial without it. This result was observed in both experiments on both days. It was supposed that the stimulating signals affected the rat behavior by the difference of correct rates between trials with stimulus and without stimulus in each latter part of both experiments.

[Fig. 13](#F13){ref-type="fig"} displays the spike raster before and after the starting point of the stimulus assignment in certain neurons and a peristimulus time histogram (PSTH). The line in the center is the time point where stimulus began, containing about 1 sec. of information with 0.5 sec. each before and after stimulation. The spike raster describes every firing time with dots after the trials in the absence or the presence of the stimulus. The PSTH describes the firing rate of neurons per unit time, expressed in a block window with the bin size of 0.05 sec and the number in it is the absolute contrast. After calculating the absolute value of the number of spikes\' difference in the front and the rare intervals based on the event time, the result was then divided by the summed number of spikes as shown in formula (3), where c is the absolute contrast, *n~a~* the number of spikes before, and *n~b~* the number after the stimulation. $$c = \frac{\left| n_{b} - n_{a} \right|}{n_{b} + n_{a}}$$

If the number of spikes is identical, the absolute contrast would be 0 and if there is a firing in one interval before or after the stimulation, it would be 1. The variation is proportional to the absolute contrast by the equation. In case of a trial with stimulation, the absolute contrast is higher, which means that the firing rate before and after the firing time changed considerably.

DISCUSSION
==========

DBS is a technique used to treat various brain diseases and to improve the brain functions which aims to minimize side effects and to maximize the therapeutic outcome. Therefore, it is the key for various parameter adjustments of stimulating signals to administer an appropriate stimulus. Since the proposed stimulator provides not only a periodic mode but also a non-periodic one, it can generate a variety of stimulating signals. In addition, as the condition of neurons changes every minute, the effects of DBS will be even greater if real-time feedback is provided. This stimulator has function to reflect the signals of neurons in real time through the closed-loop system and to generate stimuli. Although there is a conceivable limit in improving or investigating brain functions through experimental results, it was determined that the stimulating signals were well delivered to the neurons of the brain and that the signals affected the neurons\' firing. This stimulator is expected to be useful for future DBS-related research.
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###### Stimulating parameter ranges
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                  Periodic     Non-Periodic
  --------------- ------------ ------------------------
  T1 (µs)         100--1,000   100--1,000
  T2 (ms)         2--1,000     User-designed sequence
  T3 (ms)         2--10,000    User-designed sequence
  T4 (s)          1--60        1--60
  Repetitions     1--60        1--60
  Amplitude (V)   0.1--5       0.1--5

(T1\<T2\<T3\<T4).
